The blood-brain barrier (BBB) establishes a protective interface between the central neuronal system and peripheral blood circulation and is crucial for homeostasis of the CNS. BBB formation starts when the endothelial cells (ECs) invade the CNS and pericytes are recruited to the nascent vessels during embryogenesis. Despite the essential function of pericyte-EC interaction during BBB development, the molecular mechanisms coordinating the pericyte-EC behavior and communication remain incompletely understood. Here, we report a single cell receptor, CD146, that presents dynamic expression patterns in the cerebrovasculature at the stages of BBB induction and maturation, coordinates the interplay of ECs and pericytes, and orchestrates BBB development spatiotemporally. In mouse brain, CD146 is first expressed in the cerebrovascular ECs of immature capillaries without pericyte coverage; with increased coverage of pericytes, CD146 could only be detected in pericytes, but not in cerebrovascular ECs. Specific deletion of Cd146 in mice ECs resulted in reduced brain endothelial claudin-5 expression and BBB breakdown. By analyzing mice with specific deletion of Cd146 in pericytes, which have defects in pericyte coverage and BBB integrity, we demonstrate that CD146 functions as a coreceptor of PDGF receptor-β to mediate pericyte recruitment to cerebrovascular ECs. Moreover, we found that the attached pericytes in turn downregulate endothelial CD146 by secreting TGF-β1 to promote further BBB maturation. These results reveal that the dynamic expression of CD146 controls the behavior of ECs and pericytes, thereby coordinating the formation of a mature and stable BBB.
B
lood-brain barrier (BBB) development is a sequential and well-orchestrated process that commences when brain endothelial cells (ECs; BECs) invade the embryonic neuroectoderm from the surrounding vascular plexus and induce BBB properties by establishing paracellular tight junctions (TJs) (1) . Endothelial TJs are formed by a complex of transmembrane proteins, including claudins and occludin, as well as cytoplasmic adaptors such as zonula occludens protein 1 (ZO-1), thus creating a highresistance paracellular barrier to molecules and ions (2) . Compelling evidence shows that claudin-5 plays a key role in the induction of BBB properties, and specific loss of claudin-5 in mice results in a more leaky BBB (3) (4) (5) . Following the establishment of the TJs, the BECs of nascent vessels recruit pericytes to the endothelial walls, which improve the barrier function of BECs by stabilizing TJs and decreasing transcytosis, and are crucial for maturation of the BBB (6) . Importantly, pericytes suppress the expression of leukocyte adhesion molecules (LAMs) in BECs to reduce the invasion of immune cells into the CNS, therefore regulating CNS immune surveillance, a critical feature of the mature BBB (6, 7) . Thus, as a dynamic interface with a range of interrelated functions, the BBB results from extremely effective TJs, pericyte recruitment, and regulation of leukocyte extravasation, thereby generating the mature physical and immune regulatory functions of the BBB (8) .
Recently, extensive efforts have been made to investigate the underlying molecular mechanisms that regulate the sequential formation of the BBB. The activation of the VEGFR2 and Wnt-β-catenin pathways in BECs have been shown to induce angiogenesis and mature vessel morphology in the developing CNS (9) (10) (11) (12) . Subsequently, TGF-β/TGF-βR and Ang-1/Tie-2 signaling promote further BBB maturation (6) . During angiogenesis, the BECs of nascent vessels recruit pericytes to the endothelial surface by releasing PDGF-B (13, 14) . Disruption of this attachment and interaction may cause BBB dysfunction and neuroinflammation in CNS disease (15) . Despite the importance of pericyte-EC interactions in the regulation of BBB development, little is known about the molecular mechanisms that spatiotemporally modulate their communication during the gradual process of BBB development (16, 17) .
CD146 (also known as MCAM, S-endo-1, P1H12, and MUC18) was originally identified as a novel endothelial biomarker for angiogenesis in the tumor progression of several malignancies, including melanoma, prostate cancer, and breast cancer (18) . In the CNS, CD146 is also involved in multiple sclerosis (19, 20) and Alzheimer's disease (www.malacards.org/). Recent studies have shown that CD146 is constitutively expressed in the pericytes of several organs and functions as a component of endothelial junctions to reduce the paracellular permeability of peripheral Significance Development of the blood-brain barrier (BBB) requires spatiotemporal coordination of cerebrovascular endothelial cells (ECs) and pericytes. Until now, the molecular mechanism(s) coordinating the pericyte-EC behaviors during this process have been incompletely understood. In this study, combining the analysis of EC-/pericyte-specific Cd146-KO mice and in vitro BBB models, we report CD146 as a dynamic coordinator regulating the communication between ECs and pericytes within the neurovascular unit during BBB development. Our study demonstrates that a single cell-adhesion receptor, CD146, acts as an essential regulator to coordinate pericyte-EC communication and BBB formation during embryogenesis. Furthermore, it identifies CD146 as a potential key therapeutic target for neurological diseases related to cerebrovascular disorders.
ECs (21) (22) (23) (24) . However, in the CNS, the expression pattern of CD146 in the cerebrovasculature, and its role during BBB development remain largely unknown.
The aim of the present study was to explore the specific role of CD146 in BBB formation, especially its involvement in pericyte-EC interactions during this gradual process. We investigated the expression patterns of CD146 in the mouse cerebrovasculature at a series of developmental stages and further explored the roles of CD146 in pericyte/EC communication during BBB development by generating pericyte-and EC-specific Cd146-KO mice, respectively. In vivo vascular permeability analysis in mice combined with in vitro BBB models using mouse and human cerebrovascular ECs and pericytes was performed to examine the function and integrity of the BBB. Our results revealed that CD146 is required for BBB development by dynamically coordinating pericyte-EC communication during embryogenesis. As BBB breakdown is involved in many neurological disorders, including brain tumors, stroke, CNS infections, and neurodegenerative diseases (25, 26) , the present study could provide new insights into therapeutic strategies to modulate the BBB in neurological disorders associated with BBB dysfunction.
Results
Dynamic CD146 Expression Correlates with BBB Development. The BBB is highly developed at the level of the brain microvascular network comprising capillaries, arterioles, and venules (27) . To determine the involvement of CD146 in the development of the BBB, we first investigated the expression of CD146 in the capillaries, precapillary arterioles, and postcapillary venules of the mouse brain at 4-6 wk. As shown in Fig. 1A , costaining of the brain sections from cortex with antibodies against CD146, CD31 (a marker of ECs), PDGF receptor-β (PDGFRβ; a marker of pericytes), or α-smooth muscle actin (αSMA; a marker of arterioles) revealed two distinct CD146 expression patterns in the CNS vessels. In immature brain microvessels without pericyte coverage, CD146 was expressed in the BECs. However, in the microvessels Fig. 1 . Expression of CD146 in BECs and pericytes is dynamic in mice. (A) Brain sections (40 μm thick) from the cortex of mice at 4-6 wk were stained for CD146 (green), CD31 (EC marker; red), PDGFRβ (pericyte marker; purple), and αSMA (artery marker; blue) to indicate CD146 expression in capillaries, precapillary arterioles, and postcapillary venules. Shown are 3D reconstructions of confocal image z-stacks of brain vessels and the 3D surface rendering of epifluorescence images. Cut-open images were then created from the 3D surface rendering of vessels to reveal the inner vessel wall. In capillaries, segments without pericyte coverage showed CD146 expression in the BECs (arrows). However, in the capillaries covered with pericytes (arrowheads), CD146 was expressed in pericytes but not in BECs. White squares indicate areas shown on the right of each panel. In brain precapillary arterioles and postcapillary venules, CD146 expression was exclusively observed in pericytes and not in BECs. The dashed red insets indicate a confocal z-slice located at the white line of each panel, confirming that the expression of CD146 was exclusively observed in pericytes and not in BECs of precapillary arterioles and postcapillary venules. covered with pericytes, CD146 expression was exclusively observed in pericytes and not in BECs (Fig. 1A) . Similar expression patterns of CD146 were also observed in the hippocampus, cerebellum, olfactory bulb, and corpus callosum, where CD146 was expressed in the BECs of immature brain microvessels without pericyte coverage, and was expressed only in pericytes of the microvessels but not in pericyte-covered BECs (Fig. S1 ). Flow cytometry showed that BECs isolated from the mouse brain exhibited heterogeneity in CD146 expression (Fig. 1B) , whereas pericytes isolated from the mouse brain constitutively expressed CD146 (Fig.  1C) . The analysis of CD146 expression suggests a heterogeneity between vascular segments with and without pericyte coverage within the vascular bed (arterioles/capillaries/venules). Capillaries constitute the largest and tightest fraction of the microvasculature (27, 28) . During early development of the BBB, the angiogenesis of mice brain capillary begins at embryonic day (E) 10, when the BECs enter the cortex and vascularize the CNS (1). The functions of the BBB gradually develop with the coverage and recruitment of pericytes to cerebrovascular elements at approximately E15.5 (29) . To further examine the correlation of the dynamic expression of CD146 and the recruitment of pericytes at different BBB developmental stages, we next investigated the expression patterns of CD146 in mouse cerebral capillaries at E11, E18, and postnatal day (P) 5, respectively. At E11, CD146 was expressed in the BECs of the nascent vessels and attached pericytes (Fig. S2A) . At E18 and P5, along with increased pericyte coverage, CD146 was expressed mainly in the pericytes but not in BECs covered with pericytes, whereas BECs without pericyte coverage still expressed CD146 ( Fig. S2 A and B) . These observations are consistent with the finding that the percentage of CD146-positive BECs as well as the expression level of CD146 in BECs decreased dramatically during the course of BBB maturation ( Fig. S2 C and D) . By contrast, CD146 expression in pericytes was relatively stable during BBB development (Fig. S2E) . Additionally, there was no detectable expression of CD146 in mouse astrocytes at P1 and P5 (Fig. S2F ). These results demonstrate that, even though CD146 is constitutively expressed in pericytes, its expression in BECs is dynamic during BBB development. The dynamic expression of CD146 in ECs and pericytes may indicate progressive functional changes at different stages of BBB formation.
Loss of Cd146 Results in BBB Breakdown. To explore the role of CD146 during BBB development, we first evaluated BBB function in Cd146-KO mice. It was found that the permeability of the BBB to Evans blue dye (which labels albumin) and brain water content were significantly higher in the neonatal and 4-6-wk-old KO mice than in the WT littermate control mice ( Fig. 2 A and B) . As BBB permeability is highly dependent on cerebrovascular endothelial TJs (4), we next checked the integrity of endothelial TJs in the brain of Cd146-KO mice. Electron microscopy (EM) analysis demonstrated that abnormal paracellular gaps along the apical side of BECs were present in Cd146-KO mice ( Fig. 2 C and D) . The expression of TJ proteins in the cerebrovasculature of Cd146-KO mice was further investigated. Compared with WT mice, Cd146-KO mice expressed less claudin-5, but showed comparable levels of ZO-1 (Fig. 2 E-G and Fig. S3 A and B) . In addition, it was found that deletion of Cd146 caused a reduction of pericyte coverage without affecting the number of vessels (Fig. 2 H-J and Fig. S3 C-E) . Together, these data suggest that CD146 is essential for BBB integrity.
EC Cd146 Deletion Results in Reduced Claudin-5 Expression and BBB Breakdown. The aforementioned results indicated that CD146 expression was down-regulated from pericyte-free ECs to pericytecovered ECs, whereas it was consistent in pericytes during BBB development. We therefore analyzed the effects of endothelial CD146 on BBB permeability first. To this end, primary BECs of the EC-specific Cd146-KO mice (Cd146 EC-KO ) and their WT littermates were first isolated and identified. The cerebral capillaries isolated from these mice still express TJ proteins (claudin-5 and ZO-1), and BECs obtained from these fragments retain key features of the BBB. By performing diffusion assays by using tracers of different sizes (fluorescent dextrans, 70 kDa and 4 kDa; and cadaverine, 640 Da and 950 Da), the paracellular permeability of the primary mouse BEC monolayer was shown to be increased after Cd146 deletion (Fig. 3A) . The reduction of transendothelial electrical resistance (TEER) of monolayers of primary mouse BECs confirmed the decrease of paracellular tightness after KO of endothelial Cd146 (Fig. 3B ). This suggested an essential role of endothelial CD146 in the regulation of paracellular tightness of the endothelial barrier. Furthermore, we investigated the role of endothelial CD146 in the regulation of paracellular tightness in humans by using the human BEC line hCMEC/D3 (30) . Consistent with the effects on primary mouse BECs, the paracellular tightness of the hCMEC/D3 monolayer was decreased by CD146 knockdown and could be rescued after the restoration of CD146 expression, as measured by the diffusion assay using dextrans and cadaverine (Fig. S4A) . Collectively, these data suggested that endothelial CD146 is indeed required for the paracellular tightness of BECs in mice and humans.
To further explore the role of endothelial CD146 in BBB permeability in vivo, we next examined BBB integrity in Cd146 EC-KO mice using the Tg (Tek-cre) system (31) . Compared with littermate controls, Cd146
EC-KO mice showed impaired BBB integrity to Evans blue (i.e., albumin; Fig. 3C ). Additionally, in the brains of P5 or 4-6-wk-old Cd146 EC-KO mice, an increased ventricle size, as well as water content, was observed compared with their WT littermates ( To explore the regulatory mechanisms of CD146 on the endothelial barriers during BBB development, we first used a tandem mass tag-based quantitative proteomics approach to map the relative proteome changes in bEND.3 cells following CD146 knockdown. It was found that knockdown of CD146 resulted in down-regulated expression of claudin-5, without affecting the expression of other important endothelial barrier-related proteins, including other TJ family members, transporters, and LAMs (Table S1 ). We next tested these findings in different cell lines and found that, in comparison with WT controls, loss or knockdown of CD146 down-regulated the expression of claudin-5, but not ZO-1 or occludin, in primary BECs (Fig. 4 A and B) , hCMEC/D3 cells ( Fig. 4 C-E), and bEND.3 cells (Fig. S5 A and B) , respectively. To further confirm the regulatory role of endothelial CD146 on claudin-5 in vivo, we next compared the expression of claudin-5 in BECs of the Cd146 EC-KO mice and their WT littermates. In the cerebral microvessels of the WT littermates, claudin-5 was strongly expressed in the cortical vascular trees of P5 or 4-6-wkold mice, whereas expression was lower in the BECs of the Cd146 EC-KO mice (Fig. 4 F and G and Fig. S5 C and D). These in vitro and in vivo results indicate an essential role of endothelial CD146 in vascular permeability and suggest claudin-5 as a downstream regulator of CD146 mediating BBB permeability. To find further evidence for this hypothesis, in vitro rescue experiments were performed, by expressing exogenous human claudin-5 combined with the dextran and cadaverine diffusion assay. It was found that the reduced paracellular tightness caused by knockdown of CD146 could be rescued by restoring claudin-5 expression (Fig. 4H and Fig. S5E ). Together, these observations suggest that CD146 is necessary for the induction of claudin-5 expression in BECs, thereby regulating BBB integrity.
Pericyte Cd146 Deletion Results in Impaired Pericyte Recruitment and Breakdown of the BBB. Pericyte coverage is essential for BBB integrity during embryogenesis (15, 32) . To determine whether pericyte-expressed CD146 regulates BBB development, we generated pericyte-specific Cd146-KO mice (Cd146 PC-KO ) by using the Cre/LoxP system (Fig. S6) . The BBB permeability and ventricle size in Cd146 PC-KO mice at the age of P5 or 4-6 wk were increased in comparison with the littermate controls ( Fig. 5 A and B and Fig. S7 A and B) . Furthermore, abnormal cerebral endothelial TJ structure was observed in Cd146 PC-KO mice, whereas the To confirm the role of CD146 in pericyte recruitment, an in vitro cell recruitment assay was applied to mimic pericyte recruitment and attachment to BECs. First, primary pericytes from the brains of Cd146
WT and Cd146 PC-KO mice were isolated and identified. As shown in Fig. S8 A-C, these cells expressed the pericyte markers PDGFRβ and desmin, but were negative for the EC marker CD31. The cell recruitment results indicated that pericyte attachment to bEND.3 cells was significantly impaired by using Cd146-deficient pericytes (Fig. 5 H and I) . Similar results were obtained by using the pericyte progenitor cell line 10T1/2 and bEND.3 cells (Fig. S8 D and E) . These findings suggest that CD146 plays an important role in pericyte recruitment to BECs.
CD146 Mediates Pericyte Recruitment by Acting as a Coreceptor for
PDGFRβ. As we showed that pericyte-specific Cd146 deletion impaired pericyte recruitment, we next explored the molecular mechanisms that govern CD146-mediated pericyte recruitment to ECs. It has been reported that the major pathway regulating pericyte recruitment is the PDGF-B/PDGFRβ pathway (6) , and the signaling molecules associated with CD146, such as Akt and PI3-kinase, are also present downstream of PDGFRβ. Moreover, CD146 has been shown to induce cell migration and proliferation that converge with responses elicited by PDGFRβ (14, 33) . Based on these findings, we hypothesized that CD146 is involved in mediating pericyte recruitment to the BECs by participating in PDGFRβ activation. To prove this, we first examined the physical association of CD146 with PDGFRβ. As shown in Fig. 6A and Fig.  S9A , the coimmunoprecipitation assay confirmed the binding between CD146 and PDGFRβ in 10T1/2 and human smooth muscle cells that express endogenous CD146 and PDGFRβ. This binding was also confirmed in CD146-and PDGFRβ-transfected HEK293 WT and Cd146 EC-KO mice (P5). (Scale bar: 500 nm.) (F) Quantification of the abnormal TJ structure of brain capillaries in cerebral cortex, hippocampus, olfactory bulb, and cerebellum from Cd146
WT and Cd146 EC-KO mice (P5; at least 50 TJs were analyzed per group). (G) Brain sections from cortex of mice at P5 were costained for CD31 (green) and PDGFRβ (red) and analyzed by LSFM after being optically cleared by using organic solvents. Representative MIPs of 40 virtual single slices from Cd146
WT and Cd146 EC-KO mice are shown. The number of CD31 + capillaries and pericyte coverage in Cd146 WT and Cd146 EC-KO mice was quantified. No difference was detected (*P < 0.05 and ***P < 0.001). (Scale bar: 50 μm.) Data are from one experiment representative of three independent experiments with eight mice per genotype (C, D, and F) or five mice per genotype, at least eight MIPs per mouse, and five random fields per MIP (G). cells (Fig. S9B) . The direct binding between CD146 and PDGFRβ was further proved by using Fc pull-down assay and ELISA (Fig. 6  B and C) . The pull-down assay also revealed that the structural epitope of CD146 involved in binding to PDGFRβ is located in the domain 4-5 region of CD146 (CD146 D4-5 ; Fig. 6D ). This finding was confirmed by using the anti-CD146 antibody AA98, which recognizes CD146 D4-5 and abrogates the interaction between CD146 and PDGFRβ (Fig. 6E) . Moreover, PDGF-B stimulation enhanced the interaction of CD146 and PDGFRβ, indicating that this interaction is ligand-dependent (Fig. 6F) . By contrast, CD146 did not show any direct interaction with PDGF-B (Fig. S9C) . Taken together, these results suggest a direct physical interaction between CD146 and PDGFRβ.
We next investigated whether CD146 engages in PDGFRβ activation in response to PDGF-B. As shown in Fig. 6 G and H, PDGF-B-induced PDGFRβ phosphorylation was impaired in Cd146-deficient pericytes as well as in CD146 + pericytes treated with AA98. Similar results were also obtained in 10T1/2 cells (Fig. S9 D and E) . These findings strongly suggest that CD146 is a coreceptor of PDGFRβ, and is required for PDGF-B-induced PDGFRβ activation.
Finally, two in vitro pericyte models (primary brain pericytes and 10T1/2 cells) were chosen to evaluate the function of CD146 in PDGF-B-promoted pericyte proliferation and migration, two essential steps in pericyte recruitment to ECs. PDGF-B-induced pericyte proliferation and migration were abrogated in Cd146-deficient pericytes and in AA98-treated CD146 + pericytes (Fig. 6 I-L and Fig. S9 F-I) , confirming the essential role of CD146 in PDGF-B-induced pericyte recruitment.
Pericyte-Derived TGF-β1 Down-Regulates Endothelial CD146 Expression.
Given the observation that, after recruitment of pericytes to vessels, CD146 expression was dramatically decreased in BECs covered with pericytes during BBB development, we hypothesized that the consistent down-regulation of endothelial CD146 might be the result of paracrine signals from pericytes. To test the potential effects of surrounding pericytes on endothelial CD146 expression, coculture experiments were performed. As shown in Fig. 7 A and B and Fig.  S10 A and B, coculturing bEND.3 cells with pericytes for 3 or 7 d resulted in the gradually reduced expression of endothelial, but not pericytic, CD146. A previous study showed that the interaction between BECs and pericytes mainly occurred through paracrine TGF-β1 and Ang1 signals (6) . We observed that, after treatment of bEND.3 cells with TGF-β1, but not with Ang1, the expression of CD146 was down-regulated in a time-dependent manner ( Fig. 7 C  and D and Fig. S10C ). The TGF-β1-mediated down-regulation of endothelial CD146 was also confirmed at the mRNA and protein levels ( Fig. 7 E and F) . Conversely, knockdown of TGF-β1 in pericytes inhibited the pericyte-mediated down-regulation of endothelial CD146 (Fig. 7G and Fig. S10D ). It is well known that pericytes suppress the expression of LAMs in BECs to reduce the movement of immune cells into the CNS, thereby regulating CNS immune surveillance (7, 15) . We found that the down-regulation of CD146 in hCMEC/D3 cells by pericytes was also associated with a reduction in the adhesive properties of immune cells to hCMEC/D3 (Fig. S10 E and F) . Taken together, our results indicate that, during the later BBB maturation phase, pericytes down-regulate endothelial CD146 expression through TGF-β1. Discussion BBB development is a progressive process controlled by close coordination of BECs and pericytes (7) . However, the mechanisms that govern this process have thus far remained elusive (16, 17) . Here, we show that CD146 functions as a key spatiotemporal molecule to orchestrate the development of the BBB. Initially, CD146 is expressed in the BECs of nascent vessels and is a critical regulator of claudin-5 expression. Subsequently, CD146 expressed in pericytes promotes pericyte recruitment to the BECs by directly regulating PDGF-B/PDGFRβ signaling. Meanwhile, CD146 expression in BECs is rapidly down-regulated by pericyte-secreted TGF-β1, which may contribute to CNS immune quiescence (Fig.  8) . Thus, CD146 regulates BBB development through temporal and cell type-specific effects.
In the initial stages of BBB development, CD146 is expressed in the BECs and pericytes. By investigating the detailed expression pattern of CD146 in different brain regions during BBB development, we identified that (i) the expression of CD146 in brain microvessels was mainly in the pericytes but not in BECs covered with pericytes, whereas BECs without pericyte coverage still expressed CD146; (ii) the dynamic expression pattern of CD146 in the cerebral microvasculature was observed in different regions of the brain, including olfactory bulb, cerebral cortex, hippocampus, cerebellum, and corpus callosum, indicating its universality; (iii) endothelial CD146 showed an identical expression pattern among different vascular segments, including capillaries, precapillary arterioles, and postcapillary venules, being strongly expressed in capillary ECs without pericyte coverage but extremely weak in the ECs of precapillary arterioles and postcapillary venules as a result of near-complete pericyte ensheathment; and (iv) this expression pattern of CD146 could be observed in CNS microvessels at different stages during BBB development, including E11, E18, in P5, and in 4-6-wk-old mice.
As the expression profiles could be indicative of function, we hypothesized that CD146 played distinct roles in the stages of BBB development. Previous studies demonstrated that CD146 is a component of the endothelial junctions responsible for the integrity of peripheral ECs in vitro (22-24, 34, 35 ). The present findings confirmed that CD146 is critical for BBB induction and promotes BEC integrity in vitro and in vivo. Furthermore, we proved that endothelial expression of CD146 could up-regulate claudin-5 as a downstream signaling mediator of this process at the stage of BBB induction.
Compared with the Cd146 EC-KO mice, Cd146-KO mice displayed a reduction in pericyte coverage and abnormal TJ structures, suggesting that the role of CD146 in BBB development is not limited to BBB induction by regulating claudin-5 expression in BECs, but is also responsible for sufficient pericyte recruitment and BBB maturation. Consistent with a recent report showing the requirement of pericytes for TJ formation (15), we observed that genetic deletion of Cd146 in pericytes results in insufficient pericyte coverage, abnormal TJs, and impaired BBB function. This was further supported by the results of the in vitro cell recruitment assay, demonstrating an important role of CD146 in pericyte recruitment to BECs. WT and Cd146 PC-KO mice (P5; at least 50 TJs were analyzed per group). (E) Brain sections from the cortex of mice at P5 were costained for CD31 (green) and PDGFRβ (red) and analyzed by LSFM after being optically cleared by using organic solvents. WT and Cd146 PC-KO mice were labeled by PKH26-red and CFSE, respectively, and were cocultured in Matrigel-coated culture slides for 6 h. White arrows indicate pericytes contacting bEND.3 cells. (Scale bar: 100 μm.) (I) Quantification was performed by measuring the merged cells from 15 fields of 3 independent experiments (**P < 0.01 and ***P < 0.001). Data are from one experiment representative of three independent experiments with eight mice per genotype (A-D) or five mice per genotype, at least eight MIPs per mouse, and five random fields per MIP (F and G).
The present study also revealed that CD146 participates in pericyte recruitment through functioning as a coreceptor of PDGFRβ. PDGF-B/PDGFRβ signaling is known as the most important pathway for promoting CNS pericyte recruitment to BECs (14) . Homozygous deletion of Pdgfb or Pdgfrb results in a lack of CNS pericytes and BBB dysfunction (32) . Here, we demonstrated that CD146 knockdown or disruption of the CD146/ PDGFRβ interaction impaired PDGF-B-induced PDGFRβ activation, highlighting the critical role of CD146 as a coreceptor for PDGFRβ in pericyte recruitment.
It is now well established that the activation of receptor tyrosine kinase (RTK) is a complex process whereby receptors are generally associated with several proteins to fulfill efficient receptor activation initiated by ligand engagement (36) . Several studies have shown that the cooperation of PDGFRβ with other membrane proteins such as CD44, low-density lipoprotein receptor-related protein, and cell surface tissue transglutaminase facilitates receptor activation by modulating kinase activity (37) (38) (39) . Our observation that CD146 acts as a coreceptor for PDGFRβ not only sheds light on the mechanism of PDGFRβ activation but also provides evidence that cell adhesion molecules function as coreceptors for RTKs (36) .
Furthermore, the present results demonstrate that EC-specific CD146 expression is correlated with BBB development. Following the successful pericyte recruitment and attachment at the stage of BBB maturation, the endothelial expression of CD146 was found to be down-regulated by pericyte-derived TGF-β1 in BECs covered with pericytes. Moreover, the ratio between CD146
− and CD146 + BECs was approximately 2:1 in the mature BBB, which is in agreement with previous studies showing that the ratio between BECs and pericytes in the brain vasculature is 1:1-3:1 (40) . By using a coculture model, we found that pericytes gradually decreased the expression level of CD146 in bEND.3 cells along with pericyte recruitment. In the absence of CD146 in BECs covered with pericytes, pericytes recruited by the CD146/PDGFRβ axis during BBB maturation might be able to maintain the structure of TJs. Our findings also provided evidence that CD146 expression in bEND.3 cells is regulated by TGF-β1 secreted by adjacent pericytes. This result further supports earlier findings that the interaction WT mice during PDGF-B (20 ng/mL) stimulation without or with anti-CD146 AA98 (50 μg/mL) were determined by CCK-8 assay (K) and transwell Boyden chamber assay (L). Data represent three independent experiments (*P < 0.05, **P < 0.01, and ***P < 0.001). between BECs and pericytes is mainly mediated by TGF-β1 in the BBB maturation phase (32) .
The present findings have important implications for understanding the roles of CD146 in BBB maturation, during which pericytes suppress expression of LAMs in BECs to reduce extravasation of inflammatory cells to the CNS (7) . In the present study, we found that adhesion of immune cells to hCMEC/ D3 cells was reduced after knockdown of endothelial CD146, suggesting that the down-regulation of endothelial CD146 might be important for maintaining the CNS immune system in a quiescent state during BBB development, a critical feature of the mature BBB. Consistent with this, previous studies from our laboratory and others demonstrated that CD146 is significantly elevated in BECs to promote neuroinflammation under several pathological conditions (19, 41) . The expression variations of CD146 in the BBB of the normal cerebrovasculature and neurological disorders further indicate that CD146 is a key regulator of CNS immune surveillance. It could act as an important clinical diagnostic factor and as a potential therapeutic target in multiple sclerosis and other neuroinflammatory diseases.
In conclusion, the present work demonstrates that a single cell adhesion receptor, CD146, acts as an essential regulator to coordinate BBB formation during embryogenesis. This finding not only provides important insights into the molecular mechanisms governing the interaction between BECs and pericytes to modulate BBB development, but also highlights the possibility for targeting CD146 as a feasible therapeutic strategy for dampening neuroinflammation associated with BBB breakdown.
Materials and Methods
Antibodies and Reagents. Anti-CD146 antibodies, including mouse anti-CD146 AA98 and AA4, have been described previously (42) . Other antibodies used in this study are listed in Table S2 .
Recombinant Fc (cat. no. 10702-HNAH), CD146-Fc (cat. no. 10115-H02H), and PDGFRβ (cat. no. 10514-H08H) were obtained from Sino Biological. Recombined TGF-β1 (cat. no. 100-21) and PDGF-B (cat. no. 500-P47) were from Peprotech. Angiopoietin-1 (cat. no. 923-AN-025) was from R&D Systems.
Mice. Constitutive Cd146-KO mice (Cd146 −/− ), EC-specific Cd146-KO mice (Cd146 EC-KO ), and pericyte-specific Cd146-KO mice (i.e., Cd146 PC-KO ) were used in this study. All KO mice were generated by using a Cre/loxP recombination system as described in SI Materials and Methods. All mice were maintained in a pathogen-free facility. All animal experiments were performed in compliance with the guidelines for the care and use of laboratory animals and were approved by the institutional biomedical research ethics committee of the Institute of Biophysics of the Chinese Academy of Sciences.
Immunofluorescence Staining of Mouse Brains. Mouse brains were fixed in 4% PFA overnight, dehydrated, and embedded in optimal cutting temperature compound. Tissue slices (40 μm thick) were blocked in PBS solution with 1% BSA and 1% Triton X-100 for 4-6 h, then with primary antibody at room temperature overnight with agitation, and then for 8 h with secondary antibody. Between each incubation step, slides were washed with PBS solution three times for 5 min. Confocal images were obtained with a Zeiss LSM 880 imaging system under a 63× water-immersion objective. Cerebral capillaries, precapillary arterioles, and postcapillary venules were identified according to features established in earlier publications (5, 43, 44) and briefly as follows: (i) αSMA-negative vessels with a vascular lumen diameter < 10 μm were identified as capillaries; (ii) αSMA-positive vessels terminating before αSMA-negative capillaries were identified as precapillary arterioles; and (iii) αSMA-negative vessels with a vascular lumen diameter 10-20 μm were identified as postcapillary venules.
Immunolabeling and Clearing of Mouse Brains. Immunolabeling was performed as previously described (45) . For the tissue clearing before imaging, immunolabeled brain samples were dehydrated in methanol ranging from 25% to 100% (in PBS solution) for 3 h with a step of 25% at room temperature. Samples were then cleared with BABB solution (benzyl alcohol and benzyl benzoate in a 1:2 volume ratio) overnight at room temperature (46) . Images were taken with light-sheet fluorescence microscopy (LSFM; LaVision BioTec).
Image Acquisition and Analysis of LSFM Data. The immunolabeled and cleared brains were imaged on a commercial light-sheet fluorescence microscope with a 5.0× magnification, a 2× objective lens (Mv PLAPO2VC; Olympus) and a 6-mm working distance dipping cap. This configuration led to a pixel size of 0.65 μm. We used a super continuum white light laser (SuperKEXTREME 80 mHz VIS; NKT Photonics) with a wavelength spectrum ranging from 400 to 2,400 nm. For the detection of brain vessels, the filters were set as follows: Alexa Fluor 488, excitation 500/20 nm; emission 535/30 nm; Alexa Fluor 555, excitation 577/ 25 nm; emission 632/60 nm. The step size was set to 2 μm for z-stacks scanning and a total scan range of the brain sample up to 1 mm. The measurements were performed with exposure times of 385 ms per slice, resulting in a total acquisition time of ∼2 min per brain resection sample, i.e., cortex, hippocampus, cerebellum, and olfactory bulb. The images in TIFF format were further postprocessed in the ImageJ package FIJI, version1.51 (fiji.sc/Fiji). Maximumintensity projection (MIP) of 40 virtual single slices was selected for analysis.
In Vitro Pull-Down Assays. The pull-down assays were performed as previously described (further details provided in SI Materials and Methods ) (47).
Coimmunoprecipitation. Coimmunoprecipitation was performed as previously described (further details provided in SI Materials and Methods) (18) .
Cell Recruitment Assay. The cell recruitment assay was performed as previously described (48) . bEND.3 cells (3 × 10 5 cells per milliliter) and pericytes (1.5 × 10 5 cells per milliliter), labeled with PKH26 and CFSE, respectively, were cocultured in Matrigel-coated culture slides. At 6 h after stimulation with PDGF-B (20 ng/mL), images were taken on a confocal laser scanning microscope (Fluoview FV 1000; Olympus) with an IX81 digital camera (Olympus). Quantification was made by counting the number of bEND.3-pericyte attachments from fifteen fields from three independent experiments.
Isolation and Culture of Mouse Brain Pericytes and Capillary ECs. The isolation and culture of mouse brain pericytes and capillary ECs are described in SI Materials and Methods.
EM. P5 mice were euthanized, and the left ventricle was perfused with 2.5% glutaraldehyde and 4% PFA. Subsequently, brains were extracted and cut into small pieces (< 1 mm 3 ). Tissues were fixed in 2.5% glutaraldehyde overnight at 4°C and then processed for EM.
Evans Blue (Albumin) Permeability. Mice at P5 or 4-6 wk were given an i.p. injection or i.v. injection of Evans blue dye, respectively. The mice were euthanized and perfused with PBS solution through the left ventricle. Brains were then extracted and dissolved in formamide. After extraction in formamide for 48 h at 55°C, the absorption (at 620 nm) of the Evans blue extracted from the brain was measured by using a microplate spectrophotometer. Following the pericyte recruitment and attachment, endothelial CD146 is finally down-regulated by pericyte-derived TGF-β1, contributing to further BBB maturation.
